We present a method for direct three-dimensional (3D) patterning of porous nanomaterials through the application of a premastered and reusable gray-scale stamp. Four classes of 3D nanostructures are demonstrated for the first time in porous media: gradient profiles, digital patterns, curves and lens shapes, and sharp features including v-grooves, nano-pits, and 'cookie-cutter' particles. Further, we demonstrate this technique enables morphological tuning and direct tailoring of nanomaterial properties, including porosity, average pore size, dielectric constant, and plasmonic response. This work opens a rapid and low-cost route for fabricating novel nanostructures and devices utilizing porous nanomaterials, with promising applications spanning diffractive and plasmonic sensing, holography, micro-and transformation optics, and drug delivery and imaging.
T hree-dimensional (3D) surface patterning technologies enable complex micro-and nano-structures to be realized that are otherwise unachievable by conventional two-dimensional (2D) patterning routes. Grayscale lithography (GSL) is one category of 3D surface patterning wherein both lateral and vertical dimensions can be precisely and arbitrarily tailored at the surface of a chip. Primary examples of GSL include gray-scale variants of electron-beam lithography (EBL), laser direct write and masked photolithography, and focused ionbeam milling [1] [2] [3] . When applied to materials ranging from semiconductors, to metals and polymers, 3D surface patterning technologies enable applications in diffractive and micro-optics [4] [5] [6] , holography 7 , plasmonics and transformation optics 8, 9 , and micro-electro-mechanics (MEMS) 10 . Compared to most bulk and thin-film solids, porous nanomaterials offer a large internal surface area and distinct optical, electrical, and mechanical properties that can be controlled over a wide range by adjusting the pore morphology (i.e. porosity, pore size, and shape). Combined with their self-organizing and often cost-effective production, porous nanomaterials have recently found wide-spread applications in biomaterials 11, 12 , label-free chemical or biological sensing [13] [14] [15] [16] , drug delivery and imaging 17, 18 , and surface enhanced Raman spectroscopy (SERS) 19 . Extending GSL techniques to this class of materials is an especially attractive, yet unexplored, combination that would enable their unique nanoscaled properties to be further exploited in a variety of applications. Porous nanomaterials also offer a unique opportunity to arbitrarily manipulate the internal porous network to yield tailored material properties across the surface of a chip; subwavelength lateral tuning of morphology or effective optical properties is not readily achievable with other material platforms.
Direct imprinting of porous substrates (DIPS) was recently demonstrated as a rapid, low-cost, and high fidelity approach for directly patterning porous nanomaterials 20 . DIPS overcomes many of the challenges and limitations faced when implementing conventional lithographic strategies on porous substrates. Notably, conventional lithographic strategies and etching techniques are generally expensive, both in terms of time and cost, and are limited by a trade-off between resolution and throughput 21 . While traditional nano-imprint lithography (NIL) is promising for overcoming this tradeoff, NIL and other lithographic methods involve the use of an intermediate resist or thermoplastic, which often must undergo lengthy thermal processing (i.e., curing or baking). DIPS is conceptually similar to room temperature NIL, which can be performed to directly pattern functional device layers, at room temperature, using a pre-patterned and reusable stamp 22 . Both techniques can eliminate the need to perform intermediate masking, exposures, development, or etching steps; however, room temperature NIL is generally applied to organics or resins, while DIPS is specifically motivated for patterning porous substrates.
Importantly, DIPS addresses challenges that may arise when implementing conventional lithographic techniques on porous substrates, such as chemical incompatibilities with developers, poor resist adhesion, infiltration deep into the pores, or irrevocable corroding or clogging of the porous network. DIPS can be performed in less than one-minute at room temperature and achieves a high patterning resolution (,100 nm) primarily limited by the pore size 20 . To date, DIPS has only been demonstrated using binary patterns, where a 2D stamp pattern is transferred to the porous substrate at a uniform depth across the sample. However, there is no fundamental limitation in extending DIPS to 3D pattern replication by using a premastered 3D stamp. 3D imprinting and molding have been demonstrated in a variety of techniques on solid substrates including replica molding using elastomeric masters 23 , step-and-flash imprint lithography using multi-level patterned stamps 24, 25 , nanotransfer printing using conformal ink layers 26 , and electrochemical nanoimprinting using solid-state superionic stamps 27 . In this work, we adapt the DIPS technique to controllably tailor porous nanomaterials, including nanoporous gold (npAu) and mesoporous silicon (pSi), in a 3D fashion. This process, which we refer to as 'gray-scale direct imprinting of porous substrates', is shown to enable not just gray-scale surface morphologies, but gray-scale tunable material properties, as well. As a result, gray-scale DIPS enables the rapid and low-cost fabrication of nanostructures and devices that would be impossible to achieve by other 3D or grayscale lithographic methods. Figure 1 illustrates the gray-scale DIPS technique. First, a pre-patterned silicon stamp with a gray-scale pattern, for example a blazed diffraction grating, is brought into contact with a porous substrate, which is prepared on a solid substrate support. Imprinting is then performed by applying a pressure on the order of 100 N/mm 2 (100 MPa), resulting in local densification of the porous network and direct patterning of the porous substrate. No thermal processing is required. The stamp can then be removed and reused many times 20 . To demonstrate the basic function of gray-scale DIPS, we imprinted a ,200 nm high, 10 mm period blazed grating silicon stamp into a ,500 nm thick, high-porosity pSi thin-film with a pressure of ,220 N/mm 2 . Atomic force microscopy (AFM) images, shown in Fig. 1 , reveal the high fidelity 151 pattern transfer of the gray-scale pattern that resulted in a ,200 nm height blazed pSi diffraction grating. The realization of such a grating is technologically important for enhancing diffraction efficiency, and could be implemented to improve coupling efficiency in grating-coupled pSi waveguide biosensors or improve the diffraction efficiency in porous diffraction based biosensors 14, 28 . More advanced grating designs could enable porous nanomaterials to be cheaply implemented in a variety of diffractive optics applications, spanning from diffractivelenses to holography, while offering a wider range of refractive indices compared to most plastics/polymers 6, 7, 23 .
Results
The fabrication of a blazed grating, as shown in Fig. 1 , illustrates the basic concept of the gray-scale DIPS technique. In general, this process can be applied to realize a much wider variety of 3D patterns while further offering the unique ability to modify morphology and nanomaterial properties. In the following sections, we step through a number of relevant 3D patterns including (i) gradient profiles, (ii) digital patterns, (iii) curvilinear elements and lens shapes, and (iv) sharp features including v-grooves, nano-pits, and 'cookie-cutter' particles. As we demonstrate these 3D patterns, we also highlight the morphological control that can be achieved over key nanomaterial properties including pore dimensions, porosity, dielectric constant or refractive index, and plasmonic response. These novel capabilities are further examined in the context of existing technologies and potential device applications.
Gradient profiles and morphologies. Figure 2 shows scanning electron microscope (SEM) and optical microscope images of a ,2 mm thick high porosity pSi film after applying gray-scale DIPS with a ,1.5 mm height contoured silicon grating stamp. By imprinting deep gradient features into a pSi film of microscale thickness, a wide range of tailored properties can simultaneously be patterned and readily examined through standard SEM and optical imaging techniques. Cross-sectional SEM (Fig. 2a,b ) reveals a smoothly varying microscale height profile in the patterned pSi layer. Notably, the gray-scale profile is achieved by imparting a gray-scale densification to the porous layer. The reduction in layer thickness is accommodated by a plastic deformation wherein the pores are permanently bent or compressed together, yielding a reducing porosity with increasing imprint depth. SEM reveals that the interior nano-structured porous matrix is continuously restructured, resulting in a gradient of porosities ranging from the initial ,80% high porosity to a very low, nearly 0%, porosity. Throughout most of the pattern, the local nanostructure and porosity appear to be very uniform within vertical slices (z-direction) of the pSi layer. Some buckling of the pores occurs along the lowest portion of the thicker regions in the patterned film, similar to the over-stamping effect noted in our earlier work 20 . This effect can be enhanced or removed by changing the stamp height relative to the porous layer thickness, or by changing the applied pressure to adjust the imprinted film fraction. The imprinted film fraction is defined as f 5 d/L, where d is the imprint depth and L is the layer thickness. Examining this structure with top view SEM (Fig. 2c ) reveals a gradient in the average pore opening size, ranging from approximately 30 nm to ,5 nm, which coincides with the gradient in height and porosity observed from cross-sectional imaging. Optical microscopy ( Fig. 2d ) reveals that this gray-scale patterned pSi film exhibits strong variations in white light reflectivity. The observed color gradients, which span the entire visible spectrum, result from the strongly modulated optical thickness (product of index and thickness, nL) directly affecting the Fabry-Pérot interference of the single layer thin-film. In Figures 2e,f we present calculations that provide a guide illustrating how adjusting the imprint depth tunes film porosity and effective refractive index. These calculations assume uniform densification, achieved solely through a reduction of the void fraction, and an isotropic refractive index determined from a Bruggeman effective medium approximation. Based on these primary assumptions, the maximum imprintable film fraction is therefore equal to the initial porosity. Gray-scale imprinting on a high porosity, low refractive index pSi film would thus enable a wide range of refractive indices, from ,1.3 to 3.5, to be realized with almost any arbitrarly designed lateral index gradient. Transfer-matrix calculations (Supporting Information Figure S1 ) confirm a dramatic blue-shifting color change occurs in response to imprinting.
Combined with well-established etch tuning of out-of-plane parameters (i.e., porosity and refractive index) 13, 15, 28, 29 , gray-scale DIPS tunes in-plane parameters to provide a new dimension of control, and enables a new class of 3D structures to be realized. The gray-scale DIPS patterned pSi sample shown in Figure 2 demonstrates, for the first time, a method for manipulating the internal porous network and continuously and controllably patterning height, porosity, and pore opening size on the surface of a chip. Such a technology is expected to enable or enhance variety of device capabilities using porous nanomaterials. For example, patterning the pore opening size could be exploited for size-selective filtration or sensing applications 30 , where integrating an array of different pore sizes into a compact area, on a single chip, could enable rapid and multiplexed screening of target analytes with a specific size. Patterning the pore dimensions could also be used to spatially modulate or tune transport kinetics through the nanoscale pores 31 . Gray-scale patterning of porosity, meanwhile, could be exploited to locally control the effective refractive index and realize compact gradient index optical structures based on porous nanomaterials.
Morphological control over dielectric constant and plasmonic response. Nanoporous gold (npAu) is a unique, metallic porous nanomaterial which can support both propagating and localized surface plasmonic effects [32] [33] [34] [35] . Each of these effects are particularly sensitive to the effective dielectric constant and pore dimensions, respectively. Controlling the pore dimensions and porosity of npAu is typically achieved during fabrication by adjusting the dealloying parameters 36 , or by post process annealing or electroplating steps 37, 38 . To our knowledge, no method has ever demonstrated tunable and localized patterning of the pore size, porosity, or dielectric function in a planar metallic film.
Figures 3a,b reveal the complex dielectric function of npAu, as determined by ellipsometry, after uniformly imprinting npAu films to depths ranging from 0-68 nm. Compared to bulk gold, as prepared npAu features a less negative real part of the dielectric constant, owing to its heterogeneous composition and reduced ''metallic-like'' character. After imprinting, however, the porosity is reduced and the real part of the dielectric constant is significantly decreased, i.e., from Re(e r ) 5 24.15 to Re(e r ) 5 29.72 at l 5 800 nm. Imprinting similarly tunes the imaginary part of the dielectric constant, Im(e r ), to approach that found for bulk Au. Consistent with other reports for as prepared npAu, Im(e r ) is generally 2-3 times smaller than for bulk Au in the ultra-violet and near-infrared regions, while Im(e r ) is up to twice as large compared to bulk Au at visible wavelengths 35 . We note that the observed changes in dielectric constant do not follow a direct linear relationship with imprint depth. Instead, the dielectric constant is increasingly modified at deeper imprint depths, which is expected given that porosity is also increasingly modified as shown in Fig. 2e . The experimentally measured dielectric constants (Fig. 3a) suggest that the 0-68 nm imprint depths reduce the porosity from ,72% to ,54% after applying a volume average effective medium approximation. As shown in the Supporting Information (Fig. S2) , these values are in good agreement with the expected trend for porosity vs. imprinted film fraction. These results confirm that gray-scale DIPS can be used to arbitrarily tune porosity and dielectric constant over a wide range by simply adjusting the imprint depth. This new capability for locally tuning the dielectric constant could be used, for example, to locally control the dispersion of propagating plasmons on npAu and enable the straightforward fabrication of plasmonic meta-devices 35, 39 . In addition to tailoring the effective dielectric constant, gray-scale tuning of the pore size of npAu also directly affects the activation of localized surface plasmons (LSP) arising from the nanoscaled morphology of npAu 38, 40 . To demonstrate this capability, we used grayscale DIPS to pattern a 200 mm long gradient height profile in npAu, and used surface enhanced Raman spectroscopy (SERS) to probe for localized electric field enhancements arising from LSP (Fig. 3c) . Because gold itself is not Raman active, we attached a monolayer of benzenethiol which has a well-known Raman spectrum and is commonly used as a test molecule for SERS substrates 19 . Profilometry was performed to estimate a maximum imprint depth of ,75 nm. The gradient densification is readily observed by optical microscopy in the form of a strong color gradient from dark to light (Fig. 3c) . SERS spectra were recorded in a line-scan mapping (red arrow) along the entire 200 mm gradient pattern. The non-imprinted region of the pattern (d 5 0 nm), where the pore size is the largest, shows no detectable SERS signal (Fig. 3d) . As npAu is densified however, a clear enhancement of the SERS signal is observed for all the spectral bands of benzenethiol up to an imprint depth, d , 50 nm. The broadband SERS enhancement is indicative of the broadband localized plasmon resonance in npAu 40 , and we attribute the observed SERS enhancement to LSP activation and an increasing localized field enhancement with reducing pore size 37, 38, 40 . From prior work, the maximum SERS enhancement factor is conservatively estimated to be at least 10 6 and at least one order of magnitude greater than as-prepared npAu 19 . Beyond ,50 nm imprint depth, the SERS signal is slightly reduced, although it remains detectable. The reduction in SERS enhancement beyond ,50 nm imprint depth, is likely due to the average pore size reducing to the point where many of the pores have become closed. If it were possible to continue imprinting until all of the pores were closed, we expect that the SERS signal would disappear entirely, resembling planar Au films. This particular experiment demonstrates that gray-scale DIPS enables not only the patterning of pore size, but also the tailoring of a material's plasmonic response and resulting SERS enhancement.
Digital patterns.
In Figure 4 we demonstrate porous nanomaterials patterned using gray-scale DIPS with three additional types of stamp patterns: (1) digital structures, (2) curvilinear dome shapes, and (3) sharp edges and tips. Digital patterns are formed by creating a stamp with multiple discrete height values, such as the Mario test pattern shown in Figure 4a . This particular pattern is encoded with four different height values, representative of the different colors contained in the Mario source image. Imprinting into a ,1.5 mm pSi film enables direct digital patterning of the pSi substrate. Optical microscopy, under white-light illumination (Fig. 4f) , reveals a multicolored image that results from digitizing both the height and refractive index of the pSi layer. A cross-sectional AFM scan (Fig. 4k) , taken vertically across the center of the pattern, confirms high-fidelity patterning of four discrete height values in the porous substrate. A full AFM mapping of this structure, and subsequent examples, can be found in the Supporting Information ( Figure S3 ). Based on this height profile, our calculations (Fig. 2f) indicate that the porosity and refractive indices have been digitized to values: ,80%, 78%, 75%, 62% and ,1.32, 1.37, 1.43, 1.78, respectively. This example suggests that gray-scale DIPS could be used to realize a wide variety of digital patterns in porous nanomaterials, which is especially attractive for holographic applications where arbitrary refractive index tailoring is required to increase the number of phase levels that can simultaneously be achieved. Recent hologram designs utilize lithographic approaches to artificially tailor the refractive index through either an effective medium 41 , or metamaterial approach 42 , but are limited in the number of achievable values or the operational wavelength range, respectively, by the patterning resolution. Gray-scale imprinting of porous nanomaterials, on the other hand, provides a route toward locally controlling the effective refractive index solely by the imprint depth. This promotes a broad range of accessible refractive indices while not being limited in the number of achievable index values by the lateral patterning resolution.
Curvilinear elements and lens shapes. Figure 4b shows tilt view SEM of a silicon stamp patterned with dome shaped, 3D curved, structures. Performing gray-scale DIPS with such a stamp enables the replication of bowl shaped gradient index structures in pSi. The gradient optical thickness and smoothly curved pSi profile are readily observable under optical microscopy ( Fig. 4g) and AFM (Fig. 4l) . Based on AFM measurements and an initial ,2 mm film thickness, our calculations (Fig. 2f) indicate that this particular structure contains porosities and refractive indices which smoothly vary from ,80% to 17% and ,1.32 to 3.1, respectively. The low-cost fabrication of devices with well-defined optical properties and 3D curvature is technologically important for realizing novel micro-optic devices. We note that it would be possible to utilize gradient index pSi waveguides to rapidly and cheaply construct inplane transformation optic devices such as multi-functional metadevices and optical cloaks [43] [44] [45] . Straightforward calculations (see Supporting Information Figure S4 ) confirm that imprinting can be used to arbitrarily tune the effective modal index of a pSi waveguide.
Fabrication of nano-grooves and nano-pits. The low-cost fabrication of nanoscaled metallic features, such as tips, grooves, or pits, is desireable for enabling applications spanning plasmonics, SERS, and label-free sensing. Thus, we investigate the application of grayscale DIPS using a stamp containing sharp edge and tip patterns. SEM images of the fabricated stamps are shown in Figs. 4c-e. Unlike stamps discussed previously, these sharply pointed stamps are fabricated by conventional EBL followed by isotropic reactive-ion etching (RIE). Imprinting into a ,160 nm thick npAu film enables the replication of sharp 1D v-groove and 2D nano-pit arrays, as shown in Figs. 4h,i. Notably, these patterns represent the smallest features ever patterned into npAu. AFM reveals that the v-grooves and pits are ,109 nm deep (Fig. 4m) . The imprinted film fraction, ,0.68, is comparable to the initial porosity (estimated by a volume average effective medium approximation to be ,72%), indicating that npAu can be locally densified into a nearly non-porous state. The ability to pattern sharp nanoscaled features, with ,100 nm resolution, combined with the ability to dramatically and locally tune the effective dielectric function (Fig. 3a,b) , enables the plasmonic properties of npAu to be tailored with improved freedom 46, 47 . Furthermore, as a direct-to-device technique, gray-scale DIPS enables these nanoscaled features to be replicated without the need for repeated lithography or etching steps.
Fabrication of well defined 'cookie-cutter' microparticles. In  Figs. 4e,j we show that performing gray-scale DIPS with a sharp-edged stamp pattern enables 'cookie-cutter' pSi microparticles to be fabricated. In this example, the ,80% porosity pSi substrate is ,500 nm thick, resulting in pSi microparticles precisely tailored in size (e.g., 2 3 2 3 0.5 mm). These high porosity particles are relatively weakly attached to the underlying substrate and many are visibly removed with the stamp after imprinting. The remaining particles can be removed using an adhesive, an electrochemical lift-off step, or by brief sonication in liquid. Notably, with this particular stamp design, we demonstrate that . 90% areal packing density of highly monodisperse pSi microparticles can be achieved in a single step process. Such particles are particularly attractive for drug delivery and imaging applications 17, 18 . More advanced stamp designs could be used to tailor not only the size and shape of the particles, but also pattern the pore opening size or porosity within a given particle, enabling their optical and mechanical properties or drug loading and release kinetics to be altered.
Discussion
In summary, we have demonstrated the ability to three-dimensionally pattern porous nanomaterials through a rapid and low-cost imprinting technique. Four classes of 3D structures are demonstrated: continuous sloped profiles, digital patterns, curves and lens shapes, and sharp features including v-grooves, nano-pits, and 'cookie-cutter' particles. Importantly, beyond patterning 3D geometries, gray-scale DIPS enables nanomaterial properties to be arbitrarily tailored including porosity, average pore size, dielectric constant, and plasmonic response. Gray-scale DIPS thus opens the possibility to construct a new class of structures and devices utilizing porous nanomaterials with promising applications spanning diffractive and plasmonic sensing, holography, micro-and transformation optics, and drug delivery and imaging.
Methods
Porous substrates. pSi films were prepared by electrochemically etching p-type Si(100) wafers (0.01-0.02 Vcm) in a 357 (v/v) mixture of 49% hydrofluoric acid (HF) and ethanol. Etching was performed at a current density of 80 mA cm 22 with the time adjusted to control the film thickness. Reflectance measurements and optical modeling were used to approximate the initial pSi porosity at ,80%. The underlying ,475-550 mm thick Si wafer supported the pSi films. npAu films were prepared by a method described in a previous work 48 . Briefly, ,1.5 3 1.5 cm sheets of ,120-160 nm thick Monarch 12 karat white gold (fineartstore.com) are dealloyed by floating on concentrated nitric acid for 15 min. npAu films are mounted on ,475-550 mm thick Si wafers coated with a .100 nm layer of Au, which is surface-modified with 1,6-hexanedithiol for robust anchoring.
Stamps and imprinting. Silicon stamps were prepared from ,475-550 mm thick Si(100) wafers by gray-scale EBL followed by anisotropic RIE, unless otherwise noted. Two different PMMA resists, 950 k A4 (spun at 6,000 rpm and baked at 180uC for 10 min) and 50 k A20 (spun at 2,000 rpm and baked at 180uC for 5 min) are employed to realize either shallow (,200 nm) or deep (,1.5 mm) structures, respectively. Gray-scale EBL (JEOL JBX-9300-100 kV) is performed with a 2 nA beam current, pattern shot pitch of 5 nm, and a base dose of 375 mC cm 22 , with the relative dose modulated from 233% to 0%. Development is performed in a 152 (v/v) mixture of de-ionized water and IPA for 30 s, followed immediately by drying under nitrogen. Thermal reflow of the resist was performed in some cases to smooth the resist profile and remove roughness by baking at 115uC for 10 min to 1 hr, with intermittent evaluation under dark-field optical microscopy 49 . Anisotropic reactiveion etching was then performed (Oxford PlasmaLab 100) using C 4 F 8 /SF 6 /Ar process gases to transfer the resist pattern into the Si substrate. For sharply pointed stamps, conventional EBL and isotropic etching in SF 6 were employed. The duration of the isotropic etch is tuned to achieve sharp features at the intersection of neighboring etch fronts. Imprinting was performed in accordance to our prior work 20 . Briefly, we use a Tinius Olsen Super L 60 k universal testing machine to press a flat metallic plate onto the backside of the stamp, which is covered with single-sided Scotch tape. A computer-monitored force was then delivered and sustained for less than 1 s.
SERS mapping. The gradient patterned npAu sample was immersed in 10 mM benzenethiol in ethanol for 1 hour to attach a monolayer of benzenethiol to the internal gold surface. The sample was then rinsed thoroughly with ethanol and dried under nitrogen flow. SERS measurements were performed using a DXR Raman microscope (Thermo Scientific) with a 780 nm diode laser at 0.9 mW power. A 103 objective (N 5 0.25) was employed, resulting in a ,3.1 mm spot size. Raman spectra were collected in a line-scanning mode with a 5 mm step-size, 1 s integration time and averaging of 2 scans.
